Oil sand, or tar sand, is a generic name given to bituminous sand deposits that are rich in bitumen or asphalt content to the extent that oil can be extracted from these deposits. The typical 8% to 15% presence of bitumen in the soil composition makes these naturally occurring sands low load-bearing materials. In this study, repeated load triaxial tests were conducted on three types of oil sand materials with natural bitumen contents of 8.5%, 13.3%, and 14.5% by weight. The oil sand specimens were compacted close-to-field densities and then tested for permanent deformation at two temperatures using a newly proposed test procedure, which applied stress states/ratios determined from field loading characteristics of haul trucks and mining equipment at two different load pulse durations or loading frequencies (related to field trafficking speeds). Both the test data and axial permanent strain models developed in the form of power functions of the number of repeated load applications indicated a strong dependency of oil sand permanent strain development on the applied vertical to horizontal (or major to minor principal) stress ratio. Using all the test data, unified permanent deformation models were developed with high correlation coefficients to account for the applied stress states/ratios, test temperature, and bitumen content. These unified models combined for oil sand deformation behavior may be used as practical predictive equations to estimate amount of rutting in oil sand materials and alleviate potential sinkage problems faced by off-road haul trucks, shovels and other mining equipment in the field.
INTRODUCTION
Oil sands, or tar sands are natural deposits of bituminous sand materials that are mined for crude oil production. The world's largest oil sand deposits are found in the Alberta Province in Canada. The typical 8% to 15% by weight of bitumen or asphalt content in the oil sand composition makes these naturally occurring sands low load-bearing materials for haul trucks, shovels and other mining equipment. Joseph et al. (1) observed trucks and shovels operating on these soft materials in summer were faced with sinkage (rutting) and trafficability problems. This is due to the fact that equipment mobility and/or rolling resistance is adversely affected by equipment tire sinkage, which is measured when the wheel is loading the soil as opposed to the permanent deformation or rutting accumulating at an observation point in the soil when the wheel is making a number of passes (2) .
The modulus and deformation behavior of oil sands is primarily dependent upon the applied load magnitude (wheel load in the field), rate of loading or frequency, and number of load applications (3) . Field plate load tests indicated that as the number of load applications or truck passes increased, the total deformations in oil sand increased and the stiffness decreased (3) . The oil sands exhibit stress-softening behavior, which is typically observed instead in finegrained type silty or clayey soils. The composition governed by the fluid content (bitumen + water), grain size and physical properties as well as the type of applied loading, i.e., static and/or dynamic, and nature of stresses acting upon them primarily dictate the behavior. The cyclic tests produced lower peak stresses than the static ones making a static correlation invalid and thus necessitating a cyclic evaluation under field conditions (3).
It is recognized that the considerable amount of bitumen in the oil sands, high applied loads from the mining equipment and seasonal changes in temperature are major factors that control deformation behavior of oil sands. To date, no comprehensive laboratory testing has been found to discuss the individual effects of these factors on permanent deformation behavior. Instead, research on oil sands has traditionally been focused on obtaining laboratory stress-strain test data to describe shear strength and elastic behavior of oil sands (4) (5) (6) (7) (8) (9) . Based on the data collected in these studies, confining pressure, peak stress or strain, friction angle and cohesion are the material properties used for modeling the strength and elastic behavior. Recent field studies on oil sand and equipment interaction also resulted in a proposed model in which oil sand stiffness was defined as a function of ground deformation (6) . To properly characterize behavior of these bituminous sands, laboratory tests should closely simulate field densities and loading conditions and adequately address the actual time and temperature dependent plastic deformation accumulation under dynamic, repeatedly applied wheel loading conditions. The majority of permanent deformation behavior models for geomaterials are based on the applied stress states and the number of load repetitions (10) (11) (12) (13) . Recently, it has been shown from laboratory studies that load pulse duration or frequency of loading linked to field trafficking speeds also has a significant influence on the permanent deformation accumulation in geomaterials (12, 13) . Studies on rutting potential of paving and bituminous base mixes in general indicate that permanent deformation is closely related to asphalt content (14, 15) . Vehicular loading characteristics are one of the major factors affecting permanent deformation in the field (16) . The field loading characteristics of large capacity mining equipment is a major factor that could affect permanent deformation behavior of oil sands due to the large nominal payloads and high tire pressures. For instance, Joseph (3) noted from field studies that a Caterpillar 797B off-road haul truck could produce vertical stresses of about 800 kPa with confining pressures ranging between 250 and 300 kPa, i.e., a vertical stress to confining stress ratio of 3.20. He also observed that the P&H 4100 BOSS shovels generated a static ground loading of up to 220 kPa, and could induce a ground confinement of about 70 kPa (3) . Properly simulating such field loading conditions in laboratory testing and developing prediction models for the oil sand permanent deformation behavior would help better understand mobility and equipment sinkage related problems for a smoother operation.
A new repeated load triaxial test procedure is proposed in this paper to characterize the permanent deformation behavior of oil sand materials in the laboratory. The test procedure is based on realistic field loading conditions of the oil sand materials. The experimental program carried out on three types of oil sands with varying bitumen contents focused on conducting permanent deformation tests under simulated close-to-field densities and applied stress states/ratios at two different load pulse durations (or loading frequencies) and two temperatures. Based on the laboratory test data, permanent (plastic) deformation models are developed for each oil sand material and their performances are checked with additional replicate test results to consider even a larger number of load applications. Using all the test data for the three oil sands, unified permanent deformation or sinkage models are also developed to include applied stress states/ratios, bitumen content, and temperature variables in the predictive equations.
OIL SAND MATERIALS AND EXPERIMENTAL PROGRAM

Materials Tested and Properties
The three types of oil sand materials used in this study were obtained from Suncor Energy Inc. and Syncrude Canada Ltd. oil sand mines in Canada. Suncor Energy Inc. provided two types, SE low and high grades with respect to the bitumen contents, whereas Syncrude Canada Ltd. provided one sample of the Aurora (AU) high grade oil sand. All the three oil sand materials were shipped to the University of Illinois Advanced Transportation Research and Engineering Laboratory (ATREL) in separate barrels for the laboratory tests.
The oil sand materials were initially tested for bitumen and water contents using AASHTO T 308 and AASHTO T 265 test procedures, respectively (17) . The bitumen contents were found to be 8.5%, 13.3% and 14.5% for the SE low grade, SE high grade and AU high grade, respectively; and the water contents were 1.4%, 3.2% and 2.2%, respectively. Accordingly, the Suncor Energy high and low grades samples were designated as SE-09 and SE-14, respectively, and the Aurora high grade was designated as AU-14. After separating bitumen from the oil sands through burning in the oven, washed sieve analysis tests were conducted on the sand ingredients to determine particle size distributions of the three oil sands using AASHTO T 27 (17) . Figure 1 shows the gradation test results. All the three oil sand samples are uniformly graded fine to medium sands with the smallest to largest size particles ranging from 0.6 mm to 2.36 mm and the fines contents, i.e., passing No. 200 sieve or 0.075 mm, ranging from 7% to 15%. Similar grain size distributions for oil sand materials were reported by Cameron and Lord (18) . 
FIGURE 1 Particle Size Distributions of Oil Sand Samples
Field density levels and compaction properties of the oil sands were next studied in the laboratory using a gyratory compaction device. The number of gyrations to reach the specific 150-mm specimen height and the actual bulk (wet) density to achieve this height were recorded for the preparation of permanent deformation test specimens. During compaction, changes in bulk (wet) density of the specimen were recorded. Figure 2 shows the bulk density levels varying with number of gyrations for the three oil sand materials. A considerably higher number of gyrations was needed to compact the lower bitumen content SE-09 oil sand (see Figure 2 ) when compared to the higher grade ones. The typical bulk densities achieved for SE-09 and SE-14 were 2,000 kg/m 3 at 100 gyrations and 2,050 kg/m 3 at 40 gyrations, respectively. The density achieved for AU-14 was 2,050 kg/m 3 at 25 gyrations. These achieved densities were very close to field values reported by Joseph (2) and computed from the following equations: 
FIGURE 2 Gyratory Compaction Properties of Oil Sand Samples
Specimen Preparation
An Industrial Process Controls (IPC), Ltd. Servopac gyratory compactor available at the University of Illinois ATREL was used to produce 150 mm in diameter by 150 mm high (approximately 6 in. in diameter by 6 in. high) cylindrical specimens. The amount of oil sand material required to achieve the expected density was determined from the compaction process which continued until the target height (150 mm or approximately 6 in.) of the specimen was obtained. Following compaction, specimens were conditioned at the desired temperatures for a minimum of 6 hours using a temperature chamber, and placed in 0.6-mm (0.025-in.) thick latex membrane for testing. Figure 3 shows one of the oil sand samples in loose and compacted states.
(a) Oil Sand Sample in Natural State (b) Gyratory Compacted Specimens
FIGURE 3 Naturally Occurring Oil Sand Sample and Gyratory Compacted Specimens Test Procedure and Laboratory Testing
The new repeated load triaxial test procedure developed for oil sand testing was similar to the current AASHTO T307 test procedure used for determining resilient modulus of soils and aggregate materials, referred to herein as geomaterials (17) . However, from the initial conditioning stage of the T307 test procedure, permanent deformation properties of granular materials are often obtained at only one stress state using equal confining and deviator stresses of 103.5 kPa (15 psi), or a total vertical stress (σ 1 ) to horizontal confining stress (σ 3 ) ratio of 2. A haversine load pulse with 0.1-second loading and 0.9-second rest period is applied on the specimen for 1,000 load cycles. Thus, the AASHTO T307 test procedure is limited in terms of applied stress states. In this study, the newly proposed test procedure based on the field loading characteristics of the haul trucks and mining equipment for oil sands considers stress ratios ranging from 1.15 to as high as 7.67 and total vertical stresses (σ 1 ) as high as 552 kPa (80 psi) (see Table 1 ). Joseph (3) reports that oil sands experience extreme temperatures of +40 o C in summer and -40 o C in winter to make them more problematic to mining equipment during summer or warmer months than in winter. He observed that oil sands became soft at an ambient temperature of 28 o C. In this study, permanent deformation tests were accordingly conducted at two temperatures, 20 degrees Celsius (68 o F) and 30 degrees Celsius (86 o F), to account for spring and hotter summer periods, respectively. Further, two different haversine load pulse durations of 0.1 and 0.5 seconds were also included in the laboratory testing program to consider the effects of different trafficking speeds of haul trucks and other mining equipment on the oil sand sinkage and rut development in the field.
An innovative cyclic/repeated load triaxial testing device at ATREL, the University of Illinois advanced triaxial cell (UI-FastCell) integrated with IPC Universal Testing Machine (UTM) loading device, was used for applying stresses on the specimen (see Figure 4) . The UIFastCell has unique capabilities of simulating various dynamic field loading conditions in the laboratory (19) . During testing, gyratory compacted oil sand specimens were subjected to different applied stress states and σ 1 /σ 3 stress ratios as listed in Table 1 . Each deviator stress σ d (= σ 1 -σ 3 ) and constant confining stress σ 3 pair was applied on one specimen with the deviator stress repeatedly pulsed in the vertical direction for a total of 1,000 load cycles except for the replicate tests, which were performed at σ d = 138 kPa (20 psi) and σ 3 = 138 kPa (20 psi) only for a total of 10,000 load cycles and later used to check permanent deformation model performances. The specimen's vertical displacement was determined by averaging readings of the two axial linear vertical displacement transducers (LVDTs). Permanent deformations (δ p ) were recorded for each cycle and the corresponding plastic strains (ε p ) were computed. A total of 36 tests were designed for each type of bituminous sand material, i.e., SE-09, SE-14, and AU-14, to establish a full factorial test matrix. That is, nine applied stress states with the σ 1 to σ 3 stress ratios listed in Table 1 were repeated at two temperatures, 20 degrees Celsius (68 o F) and 30 degrees Celsius (86 o F), and two load pulse durations of 0.1 and 0.5 seconds with 0.9-and 0.5-second rest periods, respectively.
FIGURE 4 UI-FastCell Advanced Triaxial Test Setup Showing an Oil Sand Specimen
ANALYSIS OF TEST RESULTS
Permanent deformation test data obtained for all three oil sand materials showed that permanent strains typically accumulated as power functions with increasing number of load applications. Figures 5a and 5b show the permanent strain accumulations for the three oil sand samples recorded at the applied confining stress of 41.4 kPa (6 psi) and deviator stress of 138 kPa (20 psi) for σ 1 /σ 3 = 4.33. As expected, higher permanent deformations accumulated at 30 o C when compared to the results at 20 o C. Similar trends of higher permanent deformation accumulations were observed for the higher grade SE-14 with 13.3% bitumen content (W b ) when compared to SE-09 results and for the tests conducted with the longer 0.5-second load pulse duration (P d ). In regard to load pulse duration effects on permanent deformation, these ε p test results were in very good agreement with the test data on granular base materials reported earlier by Kim and Tutumluer (16) . As shown in Figures 5a and 5b , the AU-14 sample (W b = 14.5%) had the highest permanent strain accumulations, followed by the SE-14 sample (W b = 13.3%), and the SE-09 sample (W b = 8.5%) had the smallest strains. These laboratory findings also agree very well with the observed field behavior of oil sand materials (3). It should be noted that rheological properties of bitumen in the oil sands were not considered in detail. However, because the three oil sands samples were obtained from the same deposit, it can reasonably be assumed that the rheological properties should be similar. Further, no information was found from the most recent field study conducted on these oil sand materials in relation to the rheological properties of the bitumen (3).
Oil Sand Specimen
UI-FastCell
Control and Data Acquisition System A similar situation was reported from the field studies, where oil sands experienced higher permanent deformations under heavy mining equipment during summer than winter seasons (6) . At low stress ratios, i.e., σ 1 /σ 3 < 2.00, there was a gradual accumulation of permanent strain in the oil sand samples compared with the significantly higher accumulations when the stress ratio was greater than 2.00 (see Figure 6 ). It appears that there is no significant difference in permanent strains between the two load pulse durations, and between the three oil sand materials when the stress ratio is below 2. However, for stress ratios greater than 2.00 (σ 1 /σ 3 = 7.67 in Table 1 could not be applied since specimens did not survive this high stress ratio), the effect of stress ratio on permanent strain accumulation becomes quite significant. There is a clear difference in the trend lines of permanent strain accumulation between the two load pulse durations (P d = 0.5 seconds and 0.1 seconds) supported by the exponential curve-fitting in the combined test data. A large scatter is observed in the test data especially at high stress ratios. This was due to the increased noise and fluctuations at the applied high deviator and low confining stresses. Overall, the permanent strains in the AU-14 sample were significantly higher at the large stress ratios than those of the SE samples. At a stress ratio of 4.33, the 1,000 th load cycle permanent strains in AU-14 were found to be about 1.8 to 2.5 times higher than those of the SE-14, and 3.0 to 3.5 times higher than those of the SE-09 for the two test temperatures. Whereas at a stress ratio of 3.0, permanent strains in AU-14 were found to be in the range of 1.2 to 1.4 times higher than those of the SE-14 and 2 to 2.8 times higher than those of the SE-09.
There are significant effects of applied stresses, especially the stress ratios, and the bitumen content on the permanent deformation behavior of naturally occurring bituminous sands. The amount of bitumen content appears to be the main factor that differentiates between the observed permanent deformation trends for the oil sands. The SE-09 sample, with the lowest bitumen content, had the lowest permanent strain accumulation, whereas AU-14 sample with the highest bitumen content generally had the highest accumulation of permanent strain. 
Permanent Deformation Model Development
A total of 32 test results corresponding to 32 different applied stress states (see Table 1 with the exception of σ 1 /σ 3 = 7.67) were obtained from the experimental program for each oil sand material at two temperatures and two load pulse durations. Overall, 96 test results were therefore obtained for the three oil sands. A single test data set consisted of about 250 stress-strain data sets giving 8,000 data points for each material and therefore 24,000 data points altogether.
The phenomenological power model, expressed by ε p (%) = A*N B , was used to evaluate the permanent strain accumulation of the oil sand materials with number of load applications N. Statistical regression analyses were performed using this power model to obtain the model parameters A and B. Tables 2 and 3 Tables 2 and 3 . The model parameters A and B were next investigated to identify their dependence on the applied stress states, temperature, load pulse duration, and bitumen content. The parameter A accounts for the permanent strain accumulated at the first load cycle and parameter B describes the rate (slope) of permanent strain accumulation when logarithm of ε p is plotted against logarithm of N to give in a linear relationship (16) . As indicated in Tables 2 and 3 , parameter A generally increased with increasing deviator stresses, thus indicating higher immediate permanent strain (or sinkage) development under heavier wheel loading, whereas parameter B had a slight decreasing trend not affecting notably the rate of permanent strain accumulation with increasing load applications. To better evaluate the main factors controlling permanent deformation behavior of the oil sand materials, simple correlation analyses were conducted to establish those noteworthy dependencies between the model parameters A and B and the applied stress states. Equations 2a to 2e and Figure 7 summarize the correlation results between the model parameters and the applied stress levels including the entire database of all oil sand material test results. Parameter A in the power model ε p =A*N B is in general known to be primarily a function of applied stress states whereas B largely depends on the soil or geomaterial type (20, 21) . As shown in Figure 7 , the strongest correlation obtained for parameter A was with the applied stress ratios (σ 1 /σ 3 ) giving a high correlation coefficient of R 2 = 0.84. This indicates that parameter A is a function of stress ratios and its values increased exponentially with the increasing σ 1 /σ 3 ratios. High stress ratios would induce large permanent deformation in the oil sand materials, especially at the initial load application. A relatively strong correlation was also obtained between parameter A and the applied deviator stress but not with the confining stress σ 3 (see Equations 2a and 2b). On the other hand, weaker correlations were typically found between parameter B and the applied stress levels (see Equations 2c-2e) indicating that applied stresses had little effect on parameter B. These are all in agreement with others who reported in general that confining stress had little impact on parameter A, and the applied stress states did not influence much the B parameter (20, 21, and 22) . No significantly strong or noteworthy correlations, such as shown in Figure 7 for parameter A, were obtained individually between parameters A and B and the other test variables, i.e., test temperature, load pulse duration and bitumen content. Detailed statistical analyses conducted using the SAS software package, however, indicated that parameter B had somewhat stronger correlations with bitumen content and load pulse duration than parameter A. On the other hand, parameter A could be more significantly linked to test temperature than parameter B suggesting that temperature, in relation to the applied stress states, could influence oil sand permanent deformation at the initial load application.
Laboratory Validation and Unified Model Development
Additional laboratory tests were conducted next on newly prepared specimens of all the three oil sand materials to check performances of the permanent deformation models. These tests were limited to only the 0.1-second load pulse duration, one applied stress state of 138 kPa (20 psi) equal confining and deviator stresses, and the two test temperatures of 20 and 30 degrees Celsius. This time, a total of 10,000 load cycles were applied on the replicate specimens in order to adequately validate the performances of the corresponding permanent deformation models, i.e., the models listed for the fourth stress state in Tables 2 and 3 , for up to 1,000 load cycles and further, check their prediction abilities at larger number of load applications.
Figures 8a and 8b show both the experimental and model prediction results of permanent axial strain with number of load applications using the models listed for the fourth stress state in Tables 2 and 3 at 20 and 30 degrees Celsius, respectively. Note that unlike in Figure 5 , due to different stress states applied, AU-14 specimens this time did not yield the highest plastic strains. In general, the close agreements between the laboratory measured and predicted results demonstrate the good repeatability of the test data and likewise good performances of the individually developed permanent deformation models for predicting plastic strains beyond 1,000 cycles, for up to 10,000 load applications. Since the overall objective was to develop a better basic understanding as well as to come up with practical predictive equations to estimate field sinkage or permanent deformation behavior of oil sands, the stress-strain data sets were combined to create individual databases of the three oil sand materials. A close examination of the physical properties of the three oil sands such as particle size distribution, density, and water content with the assumption of similar bitumen properties suggested that the individual databases could also be combined for analysis. The R-square selection method in the SAS software was first used to ascertain which independent variables were potential candidates for the models. It was found that permanent strain strongly depended on the stress ratio, number of load applications, the applied deviator stress, temperature and bitumen content. Based on the results, four models were selected to study oil sand permanent deformation behavior. Table 4a lists three unified permanent strain models developed for each oil sand material and the model parameters obtained from multiple regression analyses. No significant differences were found among the model parameters for the three oil sands. Therefore, it was reasonable to combine the test data to develop a generalized model for oil sands. The combined data allowed bitumen content to be included as a variable in the analyses assuming similar bitumen properties among the three oil sands. Table 4b lists the generalized permanent strain models developed using the combined test data and gives the model parameters obtained from stepwise multiple regression analyses. Note that high coefficient of correlation (R 2 ) values were obtained for all the models, including models 1 and 2, thus indicating stress dependency had the predominant role in predicting permanent strain accumulation. Since a comprehensive but yet practical model should also account for the additional effects of temperature and bitumen content in the oil sand, slightly improved models of 3 and 4 in Table 4b can be proposed for routine use in the estimation field sinkage or permanent deformation behavior of oil sands. 
TABLE 4a Unified Permanent Strain Models Developed for Each Oil Sand Material
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SUMMARY AND CONCLUSIONS
The typical 8% to 15% by weight of bitumen or asphalt content in the bituminous/oil sands makes these naturally occurring sands low load-bearing materials for haul trucks, shovels and other mining equipment. A comprehensive permanent deformation testing program was undertaken in the laboratory to develop permanent strain models for predicting field rutting (sinkage) potentials of oil sand materials. A newly proposed permanent deformation test procedure was used to conduct tests on three types of oil sands with bitumen contents of 8.5%, 13.3% and 14.5% by weight. The test procedure considered repeated load triaxial testing at two temperatures to apply on specimens stress states/ratios close to the field loading characteristics of haul trucks and mining equipment, and included two different load pulse durations to investigate effects of loading frequency or trafficking speed. Based on the database established from the testing program, oil sand permanent strain models, developed as power functions of the number of load applications in the form of ε p =A*N B , were found to be primarily dependent on the applied total vertical to horizontal or major to minor principal stress ratios (σ 1 /σ 3 ). The statistical analyses showed that there was a strong correlation between model parameter A and the stress ratio (σ 1 /σ 3 ), which could give the immediate sinkage at the first load application as a function of the applied stress states/ratios. Using additional replicate test data, it was demonstrated that some of the developed permanent deformation models could reasonably predict permanent strain accumulations in the oil sand materials within the limits of selected loading conditions. When the entire test data from the three oil sands were combined, unified and generalized permanent deformation models were successfully developed to account for applied stress states/ratios, temperature, and bitumen content although a more accurate approach would be to use permanent deformation models for each oil sand material with known bitumen property separately. Overall, the developed permanent deformation models may provide essential guidelines and practical predictive equations for estimating field rutting potentials of oil sand materials under off-road haul trucks, shovels and other mining equipment.
